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Abstract

We discussthe issuesinvolved in implementingMPI-IO portably
onmultiple machinesandfile systemsandalsoachieving highper-
formance.Onewayto implementMPI-IO portablyis to implement
it on top of the basicUnix I/O functions(open, lseek, read,
write, andclose), which are themselves portable. We argue
that this approachhaslimitationsin both functionalityandperfor-
mance.Weinsteadadvocateanimplementationapproachthatcom-
binesa large portionof portablecodeanda small portionof code
thatis optimizedseparatelyfor differentmachinesandfile systems.
We have usedsuchan approachto develop a high-performance,
portableMPI-IO implementation,calledROMIO.

In additionto basicI/O functionality, we considertheissuesof
supportingotherMPI-IO features,suchas 64-bit file sizes,non-
contiguousaccesses,collective I/O, asynchronousI/O, consistency
andatomicity semantics,user-suppliedhints, sharedfile pointers,
portabledatarepresentation,and file preallocation. We describe
how we implementedeachof thesefeatureson variousmachines
andfile systems.Themachineswe consideraretheHP Exemplar,
IBM SP, Intel Paragon,NEC SX-4,SGI Origin2000,andnetworks
of workstations;andthefile systemsweconsiderareHPHFS,IBM
PIOFS,Intel PFS,NECSFS,SGIXFS,NFS,andany generalUnix
file system(UFS).

We alsopresentour thoughtson how a file systemcanbe de-
signedto bettersupportMPI-IO. We provide a list of featuresde-
siredfrom a file systemthatwould help in implementingMPI-IO
correctlyandwith high performance.

1 Intr oduction

Portableparallelprogramminghaslongbeenhamperedby thelack
of a standard,portableapplicationprogramminginterface(API)
for parallel I/O. Most parallel file systemshave a Unix-like API
with variationsthat arenonportable.Furthermore,the Unix API
is not an appropriateAPI for parallel I/O: it lacks someof the
featuresnecessaryto expressaccesspatternscommonin parallel
programs,suchasnoncontiguousaccessesandcollective I/O, re-
sulting in poor performance[35]. To overcometheselimitations,
theMPI Forumdefineda new API for parallelI/O (commonlyre-
ferredto asMPI-IO) aspart of theMPI-2 standard[19]. MPI-IO

is a comprehensive API with many featuresintendedspecifically
for I/O parallelism,portability, andhigh performance.Implemen-
tationsof MPI-IO, bothportableandmachine-specific,arealready
available[7, 13,23,24,34].

In this paper, we discussthe issuesinvolved in implementing
MPI-IO portablyon multiple machinesandfile systemsandalso
achieving high performance.We arguethat if an implementation
usesjustthebasicUnix I/O functionsin ordertoachieveportability,
it will have limitations in both functionalityandperformance.We
describeanalternative approach,calledADIO, thatachievesporta-
bility and performanceby combininga large portion of portable
codewith a small portionof codethat is optimizedseparatelyfor
differentmachinesandfile systems.We haveusedthisapproachin
ourportableMPI-IO implementation,ROMIO.1

In additionto implementingbasicI/O functionality(open,close,
read,write, seek),we considertheissuesof supportingotherMPI-
IO features,suchas64-bit file sizes,noncontiguousaccesses,col-
lective I/O, asynchronousI/O, consistency and atomicity seman-
tics, user-suppliedhints, sharedfile pointers,portabledatarepre-
sentation,andfile preallocation.Wedescribehow weimplemented
eachof thesefeatureson variousmachinesandfile systems.The
machinesweconsideraretheHPExemplar, IBM SP, Intel Paragon,
NECSX-4,SGIOrigin2000,andnetworksof workstations;andthe
file systemsweconsiderareHPHFS,IBM PIOFS,Intel PFS,NEC
SFS,SGI XFS, the Network File System(NFS),andany general
Unix file system(UFS).

We alsodescribehow a file systemcanbe designedto better
supportMPI-IO. We provide a list of featuresdesiredfrom a file
systemthatwouldhelpin implementingMPI-IO correctlyandwith
high performance.

2 Achie ving Por tability and Performance

ThebasicUnix I/O functions(open, lseek, read, write, and
close) [29] aresupportedwithoutvariationonall machineswith a
Unix-like operatingsystem.Onewayto implementMPI-IO portably,
therefore,is to implementMPI-IO functionson top of thesebasic
Unix I/O functions.SincetheUnix I/O functionsareportable,such
anMPI-IO implementationwill beportableto many machinesand
file systems.This approach,however, haslimitationsin bothfunc-
tionality andperformance,asexplainedbelow:

1. ThebasicUnix I/O functionsarenotsufficient to implement
all of MPI-IO on all file systemsfor thefollowing reasons:

� The basicUnix I/O functionsareblocking functions.
Many file systemsprovideadifferentsetof (nonportable)

1URL: http://www.mcs.anl.gov/romio



functionsfor nonblockingI/O.2� On many file systems,the basicUnix I/O functions
work only on files of size lessthan 2Gbytes. Differ-
ent functionsmust be usedfor larger files, and these
functionsarealsononportable.(We notethatan MPI-
IO implementationis not requiredto supportlarge file
sizes,but mosthigh-qualityimplementationswill.)� Somefile systemsallow theuserto controlfile-striping
attributeswith special,nonportablefunctions(e.g.,IBM
PIOFSandIntel PFS).� Somefile systemssupportadditionalfeaturessuchas
file preallocation(e.g.,SGI XFS, Intel PFS,HP HFS)
andachoiceof atomicandnonatomicfile-accessmodes
(e.g., IBM PIOFSandIntel PFS).The corresponding
functionsarealsononportable.

Sinceall thesefeaturesareavailableat theMPI-IO level, an
MPI-IO implementationcannotsupportthemif it usesonly
thebasicUnix I/O functions.

2. Although thebasicUnix I/O functionsaresupportedon all
file systems,they areoften not the recommendedfunctions
(for performance)on all file systems.For example,

� On the Intel Paragon,the recommendedfunctionsare
cread andcwrite.� On SGI IRIX 6.5, the recommendedfunctions are
pread64 andpwrite64; on IRIX 6.4 and earlier,
they arecalledpread andpwrite.� On HP machinesrunning the SPPUX operatingsys-
tem (andnot HPUX), the recommendedfunctionsare
pread64 andpwrite64.

3. Whenusing the Network File System(NFS), it is not suf-
ficient to call just the Unix read/write functions. Since
NFS performsnoncoherentclient-sidecachingby default,
file consistency is notguaranteedif multiple processeswrite
to a commonfile [28]. Client-sidecachingmustbedisabled
by locking the portion of the file beingaccessed,by using
fcntl. A lock andunlockarethereforeneededacrossthe
read/write call.

4. Many researchfile systemsprovide their own APIs [9, 3, 11,
15, 20]. ImplementingMPI-IO on topof Unix I/O functions
will notbeportableto thesefile systems.

An alternative is to implementMPI-IO ontopof thePOSIXI/O
interface[12] insteadof thebasicUnix I/O functions.ThePOSIX
interfaceis aninternationalstandardwith greaterfunctionalitythan
basicUnix I/O. For example,POSIX supportsasynchronousI/O
andlist-directedI/O. This approach,however, alsohaslimitations.
Although POSIX is a standard,it is not yet widely implemented.
One, therefore,cannotassumethat POSIX I/O functionswill be
availableonall file systems.Furthermore,many vendorsdonotfol-
low thePOSIXstandardstrictly. They implementonly partsof it,
andeventheimplementedportionmaynot conformstrictly to the
standard(particularlyin thecaseof asynchronousI/O). Someven-
dorsprovideaseparatesetof functionsfor 64-bitfile sizes.POSIX
alsodoesnot supportsomefeaturesthatMPI-IO supports,for ex-
ample,file preallocationandvaryingfile-striping attributes. Non-
standardfunctionsmustbeusedon file systemsthatsupportthese

2It is possible,however, to implementnonblocking I/O by spawninga threadthat
callsablockingI/O function.

features.In all, implementingMPI-IO on top of POSIXI/O is not
sufficient either.

We believe that the only way to implementMPI-IO portably
with completefunctionalityandhighperformanceis tohaveamech-
anismthatcanutilize thespecialfeaturesandfunctionsof eachfile
system.We describesuchanarchitecture,calledADIO, which we
usein ourMPI-IO implementation,ROMIO [34].

2.1 Abstract-De vice Interface for I/O

ADIO [31], an abstract-device interfacefor I/O, is a mechanism
specificallydesignedfor implementingparallel-I/OAPIs portably
on multiple file systems.We developedADIO beforeMPI-IO be-
camea standard,as a meansto implementand experimentwith
variousparallel-I/OAPIs thatexistedat thetime.

ADIO consistsof asmallsetof basicfunctionsfor parallel I/O.
Any parallel-I/OAPI canbeimplementedportablyontopof ADIO,
and ADIO itself is implementedseparatelyon eachdifferent file
system.ADIO thusseparatesthemachine-dependentandmachine-
independentaspectsinvolvedin implementinganAPI. TheADIO
implementationona particularfile systemis optimizedfor thatfile
system.We usedADIO to implementIntel’s PFSAPI andsubsets
of IBM’ s PIOFSAPI and the original MPI-IO proposal[36] on
multiple file systems.By following suchanapproach,we achieved
portabilitywith very low overhead[31].

Now that MPI-IO hasemergedasthestandard,we useADIO
asa mechanismfor implementingMPI-IO portably(seeFigure1).
This MPI-IO implementationis calledROMIO [34]. ROMIO runs
on thefollowing machines:IBM SP;Intel Paragon;CrayT3E; HP
Exemplar; SGI Origin2000; NEC SX-4; other symmetricmulti-
processorsfrom HP, SGI, Sun,DEC, and IBM; andnetworksof
workstations(Sun, SGI, HP, IBM, DEC, Linux, and FreeBSD).
Supportedfile systemsareIBM PIOFS,Intel PFS,HP HFS,SGI
XFS, NEC SFS,NFS,andany Unix file system(UFS).All func-
tions definedin the MPI-2 I/O chapterexceptsupportfor file in-
teroperability, I/O errorhandling,andI/O error classeshave been
implementedin ROMIO. (The missingfunctions will be imple-
mentedin a future release.)ROMIO is designedto be usedwith
anyMPI-1 implementation—bothportableandvendor-specificim-
plementations.It workswith, andis includedaspartof, threeMPI
implementations:MPICH, HPMPI, andSGIMPI.

Anotherapplicationof ADIO is for implementingremoteI/O.
An MPI-IO implementationcanenablea programrunningon one
machinetoaccessfilesfrom remotemachinesbyproviding anADIO
implementationthataccessesdatafrom anADIO server runningat
a remotesite. Suchanimplementationis describedin [8] andalso
illustratedin Figure1.

A similar abstract-device interfaceis usedin MPICH [10] for
implementingMPI portably.

3 Implementing MPI-IO

We describehow we implementedeachfeatureof MPI-IO on var-
ious machinesandfile systems.The many variationsamongma-
chinesclearlydemonstratetheneedfor anADIO-like approachto
implementingMPI-IO portably, wherethevariationsareaccounted
for in theADIO implementation.

3.1 Basic File Access

Wefirst considerthebasicfile-accessoperations:open,close,read,
write, and seek. We considerreadsand writes in which datais
contiguousin both memoryandfile; noncontiguousaccessesare
consideredin Section3.2.
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Figure1: ROMIO architecture:MPI-IO is implementedportablyontopof anabstract-deviceinterfacecalledADIO, andADIO is optimized
separatelyfor differentfile systems.

3.1.1 Open

MPI File open is a collective function. One of its arguments
is anMPI communicator[18] thatspecifiesthegroupof processes
that will call this openfunction andany othercollective MPI-IO
functionthattheusermaychooseto usethereafteron theopenfile.
Most file systems,other than Intel PFS,supportonly the regular
Unix open anddo not have collective openfunctions. On these
file systems,ROMIO justcallstheopen functiononeachprocess.
Intel PFSsupportstwo openfunctions: regular Unix open and
gopen. The gopen function is a “global open,” recommended
to be usedwhenall processesin the applicationopena common
file. It cannotbe usedwhena subsetof processesopenthe file;
the functionwill hangif all processesdo not call it. MPI-IO also
supportsa few additionalfile-accessmodesthatarenot definedin
Unix or POSIX.

3.1.2 Close

Theclose function on mostfile systemsis identical to close
in Unix or POSIX.MPI File close canbe implementedin a
straightforwardmanneron top of Unix close. If the file was
openedwith the modeMPI MODE DELETE ON CLOSE, the im-
plementationmust deletethe file. Most file systemssupportthe
Unix functionunlink for deletingafile.

3.1.3 Large Files

Mostfile systemsdistinguishbetweenfilesof sizelessthan2Gbytes
andgreaterthanor equalto 2Gbytes.Thereasonis thatfile offsets
andfile sizesareusuallyrepresentedby 4-byteintegersin thereg-
ular I/O functions.Thelargestnumberthatcanberepresentedby a
4-bytesignedintegeris (2Gbytes– 1). With theregularfile-system
functions,it is thereforenot possibleto accessdatafrom locations
beyond 2Gbytes. To overcomethis problem,many file systems
provide separatefunctionsthatuse8-byteintegersto representfile
offsets.

In MPI-IO, file offsetsareof type MPI Offset, which is a
datatypedefinedby theMPI-IO implementation.Theimplementa-
tion is freeto defineit to beof any size;theMPI standarddoesnot

mandatethat the implementationsupportlarge files. In ROMIO,
however, onthosefile systemsthatsupportlargefiles (suchasIBM
PIOFS,HP HFS,NEC SFS,andSGI XFS), all files aretreatedas
largefiles; thatis, ROMIO definesMPI Offset asan8-byteinte-
gerandusesthecorrespondingfile-systemfunctionsfor largefiles
(even thoughthe file may be smallerthan2Gbytes). On file sys-
temsthatdo not supportlarge files,ROMIO alsodoesnot support
largefiles anddefinesMPI Offset asa 4-byteinteger.

3.1.4 Seek

MPI-IO hastwo kindsof file pointers,individual andshared,and,
correspondingly, two seekfunctions to move thesefile pointers.
Most file systems(other than Intel PFS),however, supportonly
individual file pointers. In Section3.9 we describehow an MPI-
IO implementationcan implementsharedfile pointerson top of
individual file pointers.

Most file systemssupporttheUnix lseek function. Onsome
file systemswe needto use a different function for large files:
lseek64 onSGIXFS,HPHFS,andNECSFS;llseek onIBM
PIOFS.

3.1.5 Contiguous Reads and Writes

Contiguousreadsand writes in MPI-IO can be mappeddirectly
ontothereadsandwritesof theunderlyingfile system.Theread/write
functionsrecommendedfor highestperformancevaryconsiderably
amongmachines,however. ROMIO usesthefollowing functions:

� cread/ cwrite onIntel PFS.

� pread64/pwrite64 onHPHFSif theoperatingsystemis
SPPUXandread/write if it is HPUX.

� pread64/pwrite64 on SGI XFS if theoperatingsystem
is IRIX 6.5. On IRIX 6.4andearlier, thesamefunctionsare
calledpread/pwrite.

� read/write elsewhere.

The functionspread64/pwrite64 takethefile offset asan ar-
gument;therefore,a separatelseek64 is not required.



3.2 Noncontiguous Accesses

MPI-IO allows usersto accessnoncontiguousdatafrom a file into
noncontiguousmemorylocationswith a single I/O function call.
The usercanspecifynoncontiguouslocationsin thefile by creat-
ing a file view with MPI’s derived datatypes[19]. Noncontiguous
locationsin memorycanbe specifiedby usinga derived datatype
in theread/writecall.

Theability of usersto specifynoncontiguousaccessesin a sin-
gle functioncall is very important,becausenoncontiguousaccesses
are very commonin parallel applications[1, 4, 21, 26, 27, 32].
Most file systems,however, do not provide functionsfor noncon-
tiguousI/O. TheUnix functionsreadv/writev arewidely sup-
ported,but they allow noncontiguityonly in memoryand not in
the file. Noncontiguousmemoryaccessesare not as commonly
neededin parallelapplicationsasnoncontiguousfile accesses. Fur-
thermore,mostfile systemsimposea limit of at mostsixteennon-
contiguousmemorylocationsin a singlereadv/writev call.

Somefile systemssupportthePOSIXlist-directedI/O function
lio listio, which allows usersto submitmultiple I/O requests
at a time. This function alsohaslimitations becauseof the way
it is defined. The POSIX standard[12] allows a mixture of read
andwrite requestsin thelist andsaysthateachof therequestswill
besubmittedasaseparatenonblocking(asynchronous)I/O request.
Therefore,POSIXimplementationscannotoptimizeI/O for theen-
tire list of requests.Furthermore,sincethelio listio interface
is not collective, implementationsalso cannotperform collective
I/O.

In theabsenceof propersupportfrom thefile systemfor non-
contiguousI/O, one way to implementa noncontiguousMPI-IO
requestis to accesseachcontiguousportion of the requestsepa-
rately by usingthe regular contiguousread/writefunctionsof the
file system. Suchan implementation,however, resultsin a large
numberof small requeststo the file system,andperformancede-
gradesdrastically[33]. ROMIO insteadperformsanoptimization,
calleddatasieving, to accessnoncontiguousdatawith highperfor-
mance.Thebasicideain datasieving is to makelargeI/O requests
to the file systemand extract, in memory, the datathat is really
needed.Detailsof thisoptimizationcanbefoundin [33].

3.3 Collective I/O

MPI-IO providescollective-I/O functions,whichmustbecalledby
all processesthat togetheropenedthefile.3 This propertyenables
theMPI-IO implementation(or file system)to analyzeandmerge
the requestsof differentprocesses.In many cases,themergedre-
questmaybelargeandcontiguous,althoughtheindividualrequests
of eachprocessarenoncontiguous.Themergedrequestcanthere-
fore beservicedefficiently. Suchoptimizationis broadlyreferred
to ascollectiveI/O. Collective I/O hasbeenshown to bea very im-
portantoptimizationin parallelI/O andcanimprove performance
significantly[5, 14, 25, 30, 33].

Sincenoneof thefile systemsonwhichROMIO is implemented
performcollective I/O, ROMIO performstwo-phasecollective I/O
on top of the file system. In the communicationphase,interpro-
cesscommunicationis usedto rearrangedatainto largechunks.In
the I/O phase,processesperformparallel I/O in large chunksand
thereforeobtain high I/O performance.ROMIO hasa very gen-
eral implementationof two-phaseI/O: it supportsany noncontigu-
ousaccesspatternasdescribedby MPI datatypes,andtheusercan
specify by meansof hints the amountof temporarybuffer space
ROMIO canusefor collectiveI/O andthenumberof processesthat

3An MPI communicatoris usedin the opencall to specify the participatingpro-
cesses.Thecommunicatorcould representanysubset(or all) of theprocessesof the
application.

shouldactuallyperformI/O in the I/O phaseof the two-phaseop-
eration.Detailsof ROMIO’s collective-I/O implementationcanbe
foundin [33].

Figure2 shows theperformanceof anastrophysicsapplication
template,DIST3D, when I/O is performedin threeways: using
Unix-style independentI/O, datasieving, andcollective I/O. This
applicationaccessesa three-dimensionaldistributed arrayof size�����
	������
	������

from a file. On somemachinesdatasieving
performedonly slightly better than Unix-style independentI/O;
on othersit performedconsiderablybetter. Collective I/O always
performedthe bestand resultedin I/O bandwidthsrangingfrom
51 Mbytes/secto 563Mbytes/sec,dependingon themachine.For
detailedperformanceresults,see[33].

3.4 Split Collective I/O

MPI-IO provides a restrictedform of nonblockingcollective I/O
calledsplit collectiveI/O. Theusercancall a “begin” function to
start the collective-I/O operationand an “end” function to com-
pletethe operation.The implementationis free to implementthe
collective-I/Ooperationeitherentirelyduringthebegin functionor
entirely during the end function or in the “background,” between
thebegin andendfunctions.TheMPI standardallows theuserto
have at most one active split collective operationon a particular
file handleat any time. In otherwords,theusercannotissuetwo
“begin” functionson thesamefile handlewithout callingan“end”
functionto completethefirst begin.

The most naturalway to implementsplit collective I/O in a
nonblockingfashionis to spawn a threadthat performstheentire
collective-I/Ooperationin thebackground.Theresultsin [6], how-
ever, indicatethat,onmostmachines,thisapproachperformsmuch
worsethanif collective I/O weredoneentirely in themain thread
duringthebegin function. Theperformanceis muchbetterif only
theI/O portionof collectiveI/O is donein aseparatethreadandthe
rest is donein themain thread. The split-collective-I/O functions
in ROMIO, at present,performtheentirecollective-I/O operation
in the main threadduring the begin function. We plan to imple-
menttrue nonblockingcollective I/O in ROMIO by incorporating
theresultsof [6].

3.5 Nonbloc king (Asynchr onous) I/O

Many file systemssupportnonblockingI/O. One way to imple-
mentMPI-IO’s nonblockingI/O functionsis to usethenonblock-
ing functionsof the file system. Intel PFSsupportsnonstandard
functionscallediread andiwrite. Othervendors(SGI, IBM,
DEC, Sun)supportPOSIXasynchronousI/O (aio) functions,but,
in many cases,they do not follow the POSIX definition strictly.
IBM supportsnonblockingI/O on Unix andNFSfile systems,but
not on PIOFS.HP supportsnonblockingI/O only on HPUX ver-
sion 11.0 and higher, but not on SPPUX or earlier versionsof
HPUX. NonblockingI/O functionsarenot yet availablein Linux,
FreeBSD,or theNECSX-4.

Anotherway to implementnonblockingI/O is by explicitly us-
ing threadsthat call blocking I/O functions. This approach,how-
ever, requiresgoodthreadsupportonthemachineandathread-safe
MPI implementation,neitherof which is commonon parallelma-
chinesasyet.

ROMIO implementsnonblockingI/O by usingthenonblocking
I/O functionsof thefile systemwhereavailable.On machinesand
file systemsthatdonotsupportnonblockingI/O, ROMIO justcalls
thecorrespondingblockingI/O functions.



Figure2: Performanceof DIST3D usingUnix-style independentI/O, datasieving, andcollective I/O. The figure on the left shows read
bandwidth,andthefigureon theright showswrite bandwidth.

3.6 Consistency Semantics

MPI-IO’s consistency semantics(Section9.6 of [19]) definethe
resultsuserscanexpectwith concurrentfile accessesfrom multi-
pleprocesses.MPI-IO’s consistency semanticsareactuallyweaker
thantheconsistencysemanticsin Unix [29] orPOSIX[12]. In Unix
andPOSIX,aftera write functionreturns,thedatais guaranteedto
be visible to every otherprocessin the system. MPI-IO guaran-
teesthat a write from oneprocessis immediatelyvisible only to
processesthatbelongto thecommunicatorwith which thefile was
openedandonly if atomicmodewasenabledbeforethewrite. For
any othercase,thedatais visible to anotherprocessonly afterboth
thewriter andreadercall MPI File sync.

MPI-IO’s consistency semanticsare thereforeautomatically
guaranteedon file systemsthat supportUnix consistency seman-
tics.4 NFS, by default, doesnot [28]. To obtain Unix consis-
tency semanticson NFS, ROMIO usesbyte-rangelocking (fc-
ntl) acrossthe readsand writes in order to turn off the nonco-
herentclient-sidecachingthat NFS otherwiseperforms. Turning
off client-sidecachingreducesperformanceconsiderablybut is,
nonetheless,necessaryfor correctness.We believe that the other
file systemson which ROMIO is implementeddo supportUnix
consistency semanticscorrectly.

3.7 Atomicity Semantics

Atomicity semanticsdefinetheresultswhenmultiple processesis-
sueconcurrentrequeststo overlappingregionsin thefile, andone
or moreof thoserequestsarewrite requests.MPI-IO supportstwo
atomicity modes. The default mode is nonatomic,in which the
resultsof suchconcurrentrequestsare undefined. The usercan
changethemodeto atomic, in which casetheoverlappingregion
will containdatafrom any oneprocessonly.

Theatomicmodeis theonly modesupportedin Unix andPOSIX.
Onfile systemsthatsupportUnix atomicitysemanticscorrectly, the
atomicmodeis thereforeimplementedby default,at leastfor con-
tiguousMPI-IO requests.If theMPI-IO requestis noncontiguous
in thefile, andthe implementationwrites it by makingmorethan

4If theMPI-IO implementationperformsits own buffering on top of the file sys-
tem, it must take additionalstepsto ensurethat MPI-IO consistencysemanticsare
maintained.

onewrite functioncall, thenatomicityis notguaranteedfor theen-
tire noncontiguousMPI-IO request.To guaranteeatomicityin such
cases(whenthe userhassetatomicmodeandthe requestis non-
contiguous),ROMIO lockstherangeof bytesbeingaccessedin the
file andthenperformsthenecessaryI/O.

Onfile systemsthatsupportonly theatomicmode,thenonatomic
modeis alsoimplementedby default,sinceit hasweakerseman-
tics than the atomic mode. Somefile systems,suchas IBM PI-
OFS andIntel PFS,supportboth modes,becausethe nonatomic
modecan result in higher performance. On PIOFS,the default
modeis nonatomic(calledNORMAL); theusercanchangetheac-
cessmodeto atomic(calledCAUTIOUS) with thefunctionpiof-
sioctl. On PFS,the defaultmodeis atomic(calledM UNIX);
nonatomicmode(calledM ASYNC) can be selectedby using ei-
ther the functiongopen or setiomode. Both gopen andse-
tiomode, however, are “global” functions: all processesin the
applicationmustcall them.In MPI-IO, userscancreatea commu-
nicatorcontaininga subsetof all processesandopenthe file with
thiscommunicator. In suchcases,theMPI-IO implementationcan-
notusethenonatomicmodeonPFS.

3.8 Hints

MPI-IO provides a mechanismfor the user to passhints to the
implementation. Hints, suchas access-patterninformation, can
help theimplementationoptimizefile access[2, 22]. Hints do not
changethesemanticsof theMPI-IO interface;an implementation
maychooseto ignoreall hints,andtheprogramwouldstill befunc-
tionally correct.MPI-IO hassomepredefinedhints for specifying
file-stripingparameters,accesspatterns,andsoon. An implemen-
tationis freeto defineadditionalhints.

ROMIO supportssomepredefinedhints and someadditional
hints. The predefinedhints supportedarethe file-striping param-
eters(numberof disksand striping unit) and the buffer sizeand
numberof processesto usefor collective I/O. Additionalhintssup-
portedby ROMIO arethedisknumberfrom whichtobeginstriping
thefile, buffer sizesfor datasieving, and,on Intel PFSonly, a hint
to turnonserverbuffering.ROMIO usesthefile-stripinghintsonly
onthetwo file systemsthatallow thestripingparametersto bevar-
ied, namely, Intel PFSandIBM PIOFS;they areignoredon other
file systems.On PFS,ROMIO usesthefcntl function to vary
file-stripingparameters.OnPIOFS,thefunctionis piofsioctl.



MPI-IO alsoallows usersto querythecurrentvalueof a hint.
With thisfeature,userscan,for example,determinethedefaultfile-
stripingparametersor thebuffer sizesROMIO usesfor datasieving
andcollective I/O.

3.9 Shared File Pointer s

Most file systems,otherthanIntel PFS,do not supportsharedfile
pointers. On suchfile systems,the MPI-IO implementationmust
implementsharedfile pointersitself. Doingsorequiressomemech-
anismfor maintainingthevalueof thesharedfile pointerfor each
file and for processesto accessandatomicallyupdatethis value.
Onemethodis to storethevalueof thesharedfile pointerin a file
andhave processesupdatethevalueatomicallyby usingfile locks.
Anothermethodis to haveoneprocessor threadown thesharedfile
pointerandhaveotherprocessesaccessthevaluefrom thisprocess
or thread.This method,however, requiresthattheMPI implemen-
tationsupportdynamicprocesses,or one-sidedcommunication,or
multiple threads,and noneof thesefeaturesare commonlysup-
portedby MPI implementationsasyet. A third method,applicable
only if all processeshave accessto sharedmemory, is to maintain
thesharedfile pointerin sharedmemoryandusesomemechanism
for atomicallyupdatingthevalueof thesharedfile pointer, suchas
semaphores.

ROMIO usesthefirst methodbecauseit works in all environ-
ments.ROMIO storesthevalueof thesharedfile pointerin a file
in thesamedirectoryasthedatafile beingaccessed. Whena pro-
cessneedsto accessdatausingthesharedfile pointer, it locks the
file containingtheshared-file-pointervalue,readsthevalue,incre-
mentsit by theamountof datato bereador written,writesthenew
valueback,releasesthelock,andthenperformsthereador writeof
actualdata.Theshared-file-pointerfile is createdwhentheshared
file pointeris first usedin theprogramandis deletedwhentheuser
closesthedatafile.

3.10 Por table Data Representation

MPI-IO supportsmultiple data-storagerepresentations:native,
internal, external32, andalsouser-definedrepresentations.
native meansthatdatais storedin thefile asit is in memory;no
dataconversionis performed.internal is an implementation-
defineddatarepresentationthatmayprovidesome(implementation-
defined)degree of file portability. external32 is a specific,
portabledatarepresentationdefinedin MPI-IO. A file written in
external32 formatononemachineis guaranteedto bereadable
on any machinewith any MPI-IO implementation.MPI-IO also
provides a mechanismfor usersto definea new datarepresenta-
tion by providing data-conversionfunctions,whichMPI-IO usesto
convertdatafrom file formatto memoryformatandviceversa.

The native representationis implementedby default, and
an implementationcanuseexternal32 asits internal rep-
resentation.One way to implementexternal32 is to convert
eachdatatypeexplicitly from/to theexternal32 representation,
which mayrequirebyteswapping,truncation,or padding,depend-
ing on themachine.Anotherway to implementexternal32 is
via thedata-conversionfunctions:theimplementationcanprovide
the data-conversionfunctionsto translatefrom external32 to
native representation(andviceversa)andusethesefunctionsto
implementexternal32.

ROMIO currently supportsonly the native representation.
Weplanto implementexternal32 via thedata-conversionfunc-
tions becausethis approachis modular, easily extensibleto new
platforms,andsothatuserscanusethe functionsasa templateto
defineotherdatarepresentations.

3.11 File Preallocation

Only afew file systemsprovideafunctionto preallocatediskspace
for a file. Intel PFShasa function calledlsize, on SGI XFS
onecanpreallocatespacevia fcntl, andHP HFS hasfunctions
prealloc andprealloc64. On otherfile systemsthatdo not
supportfile preallocation,the MPI-IO implementationmustallo-
catespaceby actuallywriting datato thefile (which is expensive).

3.12 Miscellaneous Issues

Hereweconsidersomemiscellaneousissuesin implementingMPI-
IO.

3.12.1 Library versus Client-Server Implementation

An MPI-IO implementeris facedwith the choiceof implement-
ing it asa library or asa client-server implementation.We believe
thatif theunderlyingfile systemsupportshigh-performanceaccess
from multipleprocessesto acommonfile, alibrary approachis suf-
ficient. Any furtheroptimizationsneeded,suchasdatasieving and
collective I/O, canbe implementedwithin the library. This is the
caseon parallelmachinessuchasthe IBM SP, Intel Paragon,SGI
Origin2000,HPExemplar, andNECSX-4.

A client-server approachis neededif no commonfile system
exists for all processesto access,for example,whentheprocesses
runonclustersof independentmachines,eachwith theirown local
file system.In suchacase,theMPI-IO implementationwouldneed
to have serversthat implementa virtual sharedfile systemon top
of theindividual file systemson thesemachines.Anotherexample
is whenMPI-IO is usedto accessfiles from remotemachines,as
describedin [8].

3.12.2 Operating with Multiple MPI-1 Implementations

MPI-IO canbe implementedin a way that it canoperatewith any
MPI-1 implementationthatalsohasafew functionsfrom theMPI-2
external-interfaceschapter. Thesefunctionsallow theMPI-IO im-
plementationto accesssomeof the internaldatastructuresof the
MPI implementation. The datatype-decoding functions,
MPI Type get envelope and MPI Type get contents,
aretheonesmostcritically needed.Without them,theMPI-IO im-
plementationcannotdecipherwhat an MPI derived datatyperep-
resents. A completeMPI-IO implementationwould also needa
few more functions from the MPI-2 external-interfaceschapter,
namely, functionsfor filling in the statusobject, generalizedre-
quests,addingnew error codesand classes,attribute cachingon
datatypes,andduplicatingdatatypes.

The“info” functionsfrom theMPI-2 miscellaneouschapterare
neededfor passinghintstoMPI-IO, andthesubarrayanddistributed-
array datatypeconstructorsare very useful to usersof MPI-IO.
Thesefunctions,however, canbe implementedportablyon top of
any MPI-1 implementation.

ROMIO, at present,requiresonly that the MPI implementa-
tion supportthetwo datatype-decodingfunctionsfrom MPI-2; the
other external-interfacefunctionsmentionedabove are not used.
The MPI-2 info functionsand the subarrayand distributed-array
datatypeconstructorsareimplementedin ROMIO; however, if the
MPI implementationalsosupportsthesefunctions,the onespro-
videdby theMPI implementationareusedinstead.

ROMIO workswith, andis includedaspartof, threeMPI im-
plementations,MPICH, HP MPI, andSGI MPI, all of which sup-
port thedatatype-accessor functionsthatROMIO needs.(ROMIO
may alsowork with the LAM MPI implementation,asLAM also



supportsthesefunctionsnow, but we have not yet testedROMIO
with LAM.)

3.12.3 Automatic Detection of File-System Type

ROMIO allows usersto accessfiles on multiple file systemsin the
sameprogram;therefore,it needstoknow thetypeof file systemon
whicha givenfile resides.Userscanspecifythetypeof file system
explicitly by prefixingthefilenamewith astring(like nfs:) or, on
mostmachines,ROMIO candeterminethe type of file systemon
its own by usingthe functionavailablefor this purpose.On most
file systemsthe function is statvfs, on someit is statfs, on
Intel PFSit is statpfs, andon theNECSX-4 it is stat.

3.12.4 Automatic Configure and Build

Many partsof theROMIO sourcecodeareconditionallycompiled,
dependingonthefeaturesof theenvironment(machine,file system,
MPI implementation).Thesefeaturesaredetectedautomaticallyby
usingGNU’sautoconf utility. WedistributeROMIO in theform
of sourcecode,anduserscanbuild it on any machineby simply
doing

% configure
% make

We learnedearly on to have the configurescript look for features
of a particularenvironmentandnot for specificversionnumbersof
theunderlyingoperatingsystemandothersoftware.By following
this approach,we areable to adapteasilyto constantlychanging
versionnumbersandfeatures.Usersarealsoableto build ROMIO
easilyon new environmentswherewe, thedevelopers,have never
beforebuilt or testedROMIO.

4 Implications for File-System Design

File-systemdesignersmay want to know how they could design
their file systemto bettersupportMPI-IO. We provide alist of fea-
turesdesiredfrom a file systemthat would help in implementing
MPI-IO correctlyandwith high performance.

1. High-Performance Parallel File Access. The file system
mustbe designedto supporthigh-performanceaccessfrom
multipleprocessesto a commonfile. This implies thatcon-
currentrequests(particularlywrites) mustnot be serialized
within thefile system.

2. Data-ConsistencySemantics.Thedata-consistency seman-
ticsin thepresenceof concurrentaccessesfrom multiplepro-
cessesmust be clearly definedand correctly implemented.
The file systemmusthave a modethat supportsbyte-level
consistency; it couldsupportadditionalmodeswith weaker
consistency semantics.(By byte-level consistency we mean
that if a processwrites somenumberof bytesstartingfrom
somelocationin thefile, thedatawritten mustbe visible to
other processesimmediatelyafter the write from this pro-
cessreturns,without requiringanexplicit cacheflush.)Unix
or POSIX consistency semantics,which supportbyte-level
consistency, aresufficient for implementingMPI-IO.

3. Atomicity Semantics. File systemscandeliver higherper-
formanceif they arenot requiredto guaranteeatomicity of
accesses. Furthermore,most applicationsdo not perform
concurrentoverlappingaccessesand, consequently, do not
needthe stricter atomic mode. We thereforerecommend

that the file systemsupporttwo modes: an atomic mode
anda higher-performancenonatomicmode. Somefile sys-
tems, suchas IBM PIOFSand Intel PFS,alreadysupport
bothmodes.

4. File-Attrib ute Consistency. Thefile systemmustalsosup-
port consistency of file attributes,suchasfile size. For ex-
ample,if two processesopena new (nonexisting) file, one
processwrites 100 bytesto the file, and the other process
thencallsa functionthatreturnsthesizeof thefile, thefunc-
tion mustreturnthefile sizeas100 bytes. We encountered
problemswith this featureon NFS,becauseNFScachesfile
attributes on eachprocessnoncoherently. As a result, the
secondprocessreadthe file sizeaszero bytes. We solved
thisproblemby mountingtheNFSdirectorywith the“noac”
option(noattributecaching).

5. Interface Supporting NoncontiguousAccesses.Although
an MPI-IO implementationcanperformdatasieving to ac-
cessnoncontiguousdatawith high performance,we believe
thattheperformancecanbeevenbetterif datasieving is done
within thefile system.(Note thatwhendatasieving is done
within thefile system,it is nodifferentfrom regularcaching;
theextra dataread/writtencanremainin thecacheandneed
notbediscarded.)For thispurpose,thefile systemmustpro-
vide an interfacethat supportsnoncontiguousaccesses. A
simple interfacein which the userspecifiesa list of offsets
and lengthsis sufficient. (SeeSection3.2 for reasonswhy
POSIX lio listio is not appropriate.)A simple inter-
face,suchasthefollowing, is desired:

int read_list(int mem_list_count,
long long *mem_offsets,
int *mem_lengths,
int file_list_count,
long long *file_offsets,
int *file_lengths)

(similarly for write list)

wheremem offsets andmem lengths arelists of off-
setsand lengthsrepresentingnoncontiguousmemoryloca-
tions, mem list count is the number of entries in
mem offsets andmem lengths, file offsets and
file lengths arelistsof offsetsandlengthsrepresenting
noncontiguouslocationsin thefile, andfile list count
is the number of entries in file offsets and
file lengths. This interfacecanbeconsideredasa gen-
eralizationof Unix readv/writev to allow noncontiguity
in thefile.

In MPI-IO, noncontiguousdataaccesswith asingleI/O func-
tion is allowed only to monotonicallynondecreasingoffsets
in the file; memory offsets can be in any order. The
read list/write list functions,therefore,needonly
allow monotonically nondecreasing offsets in
file offsets. This restrictioncansimplify the imple-
mentationof thesefunctions.

6. Support Files Larger than 2Gbytes. An increasingnum-
berof applicationsneedto accessfiles larger than2Gbytes.
It is thereforecritical that thefile systembeableto support
large files. This meansthat thefile-systeminterfaceandin-
ternaldatastructuresmustuse64-bitintegersto representfile
offsets.



7. Byte-RangeLocking. Thefile systemmustsupporta lock-
ing facility equivalentto theadvisoryrecord-lockingfeature
(fcntl locks) in Unix andPOSIX.ROMIO usesthis fea-
tureto implementMPI-IO’s atomicitysemanticsfor noncon-
tiguousfile accesses,to implementdatasieving for write re-
quests,andto implementsharedfile pointers.

8. Control over File Striping. Sincethe bestvaluesfor file-
stripingparametersoftendependon theapplication’s access
pattern,we recommendthatthefile systemusea “good” set
of valuesasthedefaultandprovideafacility for usersto vary
theseparameterson a per-file basis.

9. Variable Caching/Prefetching Policies. Parallel applica-
tionsexhibit sucha widevariationin accesspatternsthatany
one caching/prefetchingpolicy is unlikely to perform well
for all applications[27]. The file systemmustthereforeei-
ther detectandautomaticallyadaptto changingaccesspat-
terns[16, 17] or provide an interfacefor theuserto specify
theaccesspatternor caching/prefetchingpolicy [2, 22].

10. File Preallocation. It is easyandinexpensive for a file sys-
temto provide a functionto preallocatedisk spacefor a file.
If such a function is not provided, the MPI-IO function
MPI File preallocate canbeimplementedonlyby ac-
tually writing datato thefile, which is veryexpensive.

11. LeaveCollectiveI/O to the MPI-IO Implementation. It is
notentirelyclearwhethercollectiveI/O isbetterif performed
in thefile systemor asa library above thefile system.Both
techniqueshave beenproposedin the literature[5, 14, 25].
Our opinion is that, for implementingMPI-IO’s collective-
I/O functionality, it is bestif thefile systemfocusedondeliv-
eringthehighestpossibleperformancefor independent(po-
tentially noncontiguous)I/O requestsfrom individual pro-
cesses(asmentionedin item 5 above), andtheMPI-IO im-
plementationdid the tasksof identifying the groupof pro-
cessesparticipatingin thecollective-I/Ooperation,efficiently
shuffling dataamongtheprocesses,andmakinglargeI/O re-
questsfrom eachprocesswherever possible.This approach
keepsthefile-systemcodesimplerand,asROMIO demon-
strates[33], canalsodeliver highperformance.

12. No shared file pointers. Implementingsharedfile pointers
within the file systemalsorequiresthefile systemto know
which processessharethesharedfile pointer;that is, thefile
systemmust supportthe notion of MPI communicatorsor
processgroupsor their equivalent. We believe that it would
besimplerif theMPI-IO implementationinsteadimplements
sharedfile pointerson top of thefile systemby usingany of
thethreemethodsdescribedin Section3.9.

13. Nonblocking(Asynchronous)I/O Optional. It isnotmanda-
tory for thefile systemto providenonblockingI/O functions.
An MPI-IO implementationcan perform nonblockingI/O
by using threadsthat call the blocking I/O functions. This
method,however, requiresproper threadsupportfrom the
machineanda thread-safeMPI implementation.

We notethatthesemanticsandinterfaceprovidedby a POSIX
file systemare sufficient for implementingMPI-IO correctly (as
ROMIO demonstrates),but additionalfeatureswouldhelpanMPI-
IO implementationachieve higher performance. (ROMIO com-
pensatesfor theabsenceof thesefeaturesby performingoptimiza-
tionssuchasdatasieving andcollective I/O.) Amongthefeatures
listed above, the following arenot supportedin POSIX: an inter-
facefor noncontiguousaccesses,controloverfile striping,hintsfor

caching/prefetchingpolicies,andfile preallocation.High-performance
parallelfile accessandfile sizeslarger than2Gbytesarenot man-
datedby POSIX but areconsidered“implementation-dependent”
features.

5 Conc lusions

ROMIO demonstratesthat it is possibleto implement MPI-IO
portablyon multiple machinesandfile systemsand also achieve
high performance.The ADIO framework is the key component
thatmakesthisall possible,asit enablesusto performfile-system-
specificoptimizationswithin a largely portableimplementation.

The discussionin this papercoversnumerousfile systems—
almostall thefile systemsoncommerciallyavailablemachines.An
importantstoragesystemthatwe did not discuss(mainly because
ROMIO is not implementedon it) is HPSS[37]. HPSSis different
from otherfile systemsin its goalsanddesignfeatures;for exam-
ple, it supportsthird-party transfer. A groupat LawrenceLiver-
moreNationalLaboratoryhasimplementedMPI-IO on HPSS,and
we referinterestedreadersto [13] for adiscussionof issuesrelated
to implementingMPI-IO on HPSS.

By making MPI-IO availableeverywhereandalso delivering
high performance,we expectthat it will bewidely usedandpopu-
lar amongapplicationprogrammers.We believe it will solvesome
of the I/O performanceandportability problemscurrentlyexperi-
encedin parallelapplications.
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